Post-translational histone modifications are known to be altered in cancer cells, and loss of selected histone acetylation and methylation marks has recently been shown to predict patient outcome in human carcinoma. Immunohistochemistry was used to detect a series of histone lysine acetylation (H3K9ac, H3K18ac, H4K12ac, and H4K16ac), lysine methylation (H3K4me2 and H4K20me3), and arginine methylation (H4R3me2) marks in a well-characterized series of human breast carcinomas (n = 880). Tissue staining intensities were assessed using blinded semiquantitative scoring. Validation studies were done using immunofluorescence staining and Western blotting. Our analyses revealed low or absent H4K16ac in the majority of breast cancer cases (78.9%), suggesting that this alteration may represent an early sign of breast cancer. There was a highly significant correlation between histone modifications status, tumor biomarker phenotype, and clinical outcome, where high relative levels of global histone acetylation and methylation were associated with a favorable prognosis and detected almost exclusively in luminal-like breast tumors (93%). Moderate to low levels of lysine acetylation (H3K9ac, H3K18ac, and H4K12ac), lysine (H3K4me2 and H4K20me3), and arginine methylation (H4R3me2) were observed in carcinomas of poorer prognostic subtypes, including basal carcinomas and HER-2-positive tumors. Clustering analysis identified three groups of histone displaying distinct pattern in breast cancer, which have distinct relationships to known prognostic factors and clinical outcome. This study identifies the presence of variations in global levels of histone marks in different grades, morphologic types, and phenotype classes of invasive breast cancer and shows that these differences have clinical significance. [Cancer Res 2009;69(9):3802-9] 
Introduction
Breast cancer is a heterogeneous disease ranging from premalignant hyperproliferation to invasive and metastatic carcinomas (1) . Disease progression is poorly understood but is likely due to the accumulation of genetic mutations leading to widespread changes in gene expression and, in particular, affecting the expression of tumor suppressors and oncogenes (2) . Consistent with this, recent studies have shown that different breast tumor subclasses display distinct gene expression profiles (3, 4) . In addition to genetic mutations, there is increasing evidence for gross epigenetic alteration in tumor cells both at the levels of DNA methylation and histone marks (5, 6) . Chromatin-modifying enzymes play a key role in gene regulation by catalyzing reversible post-translational modifications of histones, including lysine acetylation, lysine methylation, and arginine methylation (7) . These and other modifications generate a combinatorial histone code that demarcates chromatin regions for transcription activation or repression (8) . Although the ''epigenetic'' code is not fully understood, specific marks such as lysine acetylation (H3K9ac, H3K18ac, and H4K12ac), lysine trimethylation (H3K4me3), and arginine dimethylation (H4R3me2) are associated with transcriptionally active gene promoters (9) (10) (11) , whereas other modifications such as lysine methylation (H3K9me2 or H3K9me3 and H4K20me3) are associated with repressed chromatin (7, 8) . Global loss of acetylation (K16) and trimethylation (K20) of histone H4 have been shown to be hallmarks of human cancer (12) . Such changes in global histone modification patterns can be predictive of clinical outcome as recently shown for prostate, lung, and gastric cancers (13) (14) (15) (16) ; thus, there is a need to examine epigenetic alterations in breast cancers to define new prognostic markers and therapeutic targets. We therefore assessed the biological and clinical significance of global patterns of selected histone modifications in breast cancer using tissue microarray technology and immunohistochemistry. The relative levels of seven modified histones, including H3K18ac, H3K9ac, H4R3me2, H3K4me2, H4K12ac, H4K16ac, and H4K20me3, were determined in a large well-characterized series of 880 primary operable invasive breast carcinoma cases.
Digital image analysis was used for quantification of the epigenetic marker on a subset of tumors. Tumors were classified according to their relative level of the histone modifications using two different clustering methods, the K-means and the partitioning around medoids. The relationships between histone modifications, clinicopathologic data, and patient outcome were assessed for each marker individually and combinatorially. (20) . Tumors were graded according to a modified Bloom-Richardson scoring system (21) and size was categorized according to the tumor-node-metastasis staging criteria (22) . NPI was calculated as described previously (23) . Survival data including disease-free survival (DFS), metastatic-specific survival, and breast cancerspecific survival (BCSS) were maintained on a prospective basis. DFS and metastatic-specific survival were defined as the interval (in months) from the date of the primary surgical treatment to the first locoregional or distant recurrence, respectively. BCSS survival was taken as the time (in months) from the date of the primary surgical treatment to the time of death from breast cancer. This study was approved by the Nottingham Research Ethics Committee 2 under the title of ''Development of a Molecular Genetic Classification of Breast Cancer.'' None of the authors has any competing interests.
Materials and Methods

Patients
Construction of the tissue microarray blocks. Breast cancer tissue microarrays were prepared as described previously (24) . Each case was sampled twice from both the center and the periphery of the tumor. Arrays of 150 cases per block were prepared.
Immunohistochemistry on the tissue microarray. Breast cancer tissue microarray slides were prepared and immunohistochemically stained to detect the seven histone marks and the other markers as described previously (24) (25) (26) (27) . The histone marks selected for study were those previously identified to be of significance in human cancer (12) (13) (14) . The antibodies were initially optimized using 20 cases of whole-tissue sections to assess patterns of histone staining in both normal and malignant breast tissues. As a control, we also used an anti-H3 antibody, which detects both modified and unmodified H3 (1:1,000; Abcam). Primary rabbit anti-histone polyclonal antibodies were applied for 30 min at room temperature at the following dilutions: H3K18ac (1:2,000), H3K9ac (1:800), H3K4me2 (1:800), H4K12ac (1:200), H4K16ac (1:500), and H4K20me3 (1:500; all Abcam) and H4R3me2 (1:75; Upstate Biotechnology). See Supplementary Table S2 for full details of the antibodies. Prostate carcinoma tissue was used as a positive control and identical array sections stained in the absence of the primary antibody were used as negative controls.
Scoring of immunohistochemical reactivity. After excluding any uninformative tissue microarray cores, which were lost, fragmented, or did not have invasive tumor, cases available for scoring were as follows: H3K18ac (613), H4R3me2 (683), H3K4me2 (610), H3K9ac (621), H4K12ac (597), H4K16ac (606), and H4K20me3 (557). Immunohistochemical scoring was done by the modified Histo-score (H-score; ref. 28) , which involves semiquantitative assessment of both the intensity of staining (graded as 1-3) and the percentage of positive cells. The range of possible scores is 0 to 300, enabling us to explore rationalization of our cases into biologically relevant groups depending on different levels of detection, which could potentially be missed using simpler scoring methods (e.g., positive versus negative). Two observers (S.E.E. and A.R.G.) scored all cases and correlation between both scores was done. Tumor samples with H-score <100 for individual chromatin marks were designated as low detection, where scores z100 were designated high detection. The distribution of staining was assessed both in whole sections of normal and malignant breast carcinoma (20 cases) and in tissue microarray sections. As the distribution of staining was homogenous in the whole section, only one tumor core was stained from each tumor, as previous studies have validated the use of one core to study the expression of tumor markers even for those that have a heterogeneous distribution (29) . Validation studies were done on a series of 9 cases using immunofluorescence staining and Western blotting for H3K18ac (see Supplementary Material and Methods). Because of the large number of negative cases observed with H4K16ac detection, we reassessed this result using a different antibody from a different supplier (see Supplementary Materials and  Methods and Supplementary Table S2) .
Statistical analysis. Statistical analysis was done using SPSS 13.0 statistical software. Median follow-up was defined as follow-up period for 
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www.aacrjournals.org those patients still alive and disease-free at their latest hospital visit. Cutoff values for the different biomarkers included in this study were chosen before statistical analysis. Identical analysis was conducted for continuous noncategorical histone data, which showed similar results, suggesting that dichotomization had not weakened the evidence for an association in this instance. Standard cutoffs were used for established prognostic factors and were the same as for previously published patient series (25) . All factors were used as dichotomous covariates in the statistical analysis, with the exception of histone clusters (high, moderate, and low), grade, NPI, and phenotypic groups proposed by Nielsen and colleagues (30) that were divided into three groups. Unweighted j coefficient test was used to assess agreement between observers of the same variables. To test whether histone marks individually or in clusters differed according to clinicopathologic variables and biological markers, Pearson m 2 and Spearman correlation was used to perform categorical and continuous statistical analysis, respectively. All P values were two-sided and P < 0.05 was considered significant, with confidence interval of 95%.
Cumulative survival probabilities were calculated using the KaplanMeier method. Differences in DFS, metastatic-specific survival, and BCSS based on modified histone expression were estimated using log-rank test. Multivariate analysis was done using the Cox multiple hazards model to test the statistical independence and significance of predictors on DFS, and BCSS, where the model was fitted to adjust for the effect of variables that are known to predict breast cancer prognosis based on information from the present cohort and elsewhere (31) . Histone marks were then fitted individually or in clusters to the model to assess their association with BCSS and DFS independent of these key prognostic variables.
Clustering methods. Two different algorithms were used for cluster analysis: the K-means and the partitioning around medoids methods. They were both run for between 2 and 20 clusters. Six validity indices were calculated and recorded to determine the best number of clusters. The indices are Calinski and Harabasz, Hartigan, Scott and Symons, Marriot, TraceW, and TraceW-1B. For each index, the number of groups to be considered was chosen according to the rules reported in ref. 32 .
K-means. The K-means technique aims to partition the data into k-groups such that the sum of squares from points to the assigned cluster centers is minimized. K-means clustering is dependent on the initial setting of the cluster assignments, and for this study, we used a fixed initialization obtained with hierarchical clustering.
Partitioning around medoids. The partitioning around medoids algorithm is based on the search for k-representative objects (the so-called medoids) among the observations of the data set. These observations should represent the structure of the data. After finding a set of k-medoids, k-clusters are constructed by assigning each observation to the nearest medoid. The goal is to find k-representative objects, which minimize the sum of the dissimilarities of the observations to their closest representative object. Dissimilarities are nonnegative numbers that are close to zero when two points are near each other and that become large when they are very different (32) . Biplots are generated by firstly transforming the original data space using principal component analysis and then plotting the points at their projected position on axes of the first and second principal components (33) .
Results
Detection of histone marks in breast tumor tissue. Tissue microarrays of 880 breast tumor cores and normal breast tissue controls were stained for the presence of seven distinct chromatin marks (H3K9ac, H3K18ac, H4K12ac, H4K16ac, H3K4me2, H4K20me3, and H4R3me2) using immunohistochemistry (Materials and Methods). Cases were scored for each mark using a modified H-score, and good agreement was found between two independent scorers (unweighted j score = 0.57879; 0.4678-0.6896). In normal breast tissue, all seven histone marks were detected in the nuclei of normal mammary epithelial cells in the acini of terminal duct lobular units. Some positive nuclear staining was also observed in myoepithelial cells, stromal cells, and lymphocytes. There was observed heterogeneity of staining in these populations ( Supplementary Fig. S1 ). Positive nuclear staining for all histone marks was also detected in breast tumor cells, and although the staining intensity was similar in the tumor cell population within each case, it varied in intensity between individual cases (Fig. 1) . Histograms showing the staining intensity and distribution of H-scores plotted against the number of cases are shown in Fig. 2 (right column) . We identified that H4K16ac was different in its expression levels from the other chromatin marks assessed, in that it was found to be at low or undetectable levels in the majority of breast tumor cases. Similar results for H4K16ac were obtained using antibody from other supplier with a good correlation between the two antibodies (P < 0.001; see Supplementary Data).
To explore such differences further, tumors with H-scores of <100 for a particular chromatin mark were classified as a low detection group, whereas H-scores of z100 were scored as high detection. This revealed that most breast tumors (78.9%) scored low for H4K16ac, whereas H3K18ac and H4K20me3 were scored at relatively high levels in the majority of cases (81.4% and 69.8%, respectively; Table 1 ). There was a highly significant positive correlation between the levels all of the histone marks assesses within tumors (P < 0.001; Supplementary Table S3 ). This suggests that global levels of histone marks vary among different breast tumors, which could be related to underlying biology or prognostic and clinicopathologic factors. The validation studies done on a series of 9 cases using immunofluorescence staining and Western blotting for H3K18ac showed comparable findings (see Supplementary Results and Supplementary Fig. S2 ).
Histone marks correlate with clinicopathologic factors. Complete clinical and follow-up data were available for 839 of 880 invasive breast cancer cases in this study (Supplementary  Results and Supplementary Table S1 ). Significant correlations were found between low and high levels of individual histone marks with a range of clinicopathologic variables (Supplementary Table S4 ). In particular, high tumor grade was associated with low levels of all seven histone marks ( Supplementary Fig. S3 ), and favorable NPI scores were also associated with high levels of detection of all the histone marks, except H3K18ac. Low detection levels of H4R3me2, H3K9ac, and H4K16ac were significantly associated with large tumor size and high detection levels of H4R3me2 and H3K9ac were associated with low lymph node stage. Positive vascular invasion was found to be associated with low levels of H4K16ac. These results may indicate that reduced detection of selected histone modifications correlates with poor prognostic characteristics.
Relationship to histologic tumor type. When histone modifications were examined with respect to their relationship with wellrecognized morphologic tumor types (Supplementary Table S5 ), it was observed that there were widespread differences in their distribution between various tumor morphologic types. The most Table S6) showed that high-level detection of histone modifications was significantly correlated with steroid receptor (estrogen receptor, progesterone receptor, and androgen receptor)-positive tumors, high expression of luminal cytokeratins (CK7/8 and CK18), high E-cadherin and BRCA1 expression, and low expression of basal cytokeratins (CK5/6 and CK14), p53 and HER-2. These results were reflected in the relationships between histone marks either separately (Supplementary Table S7 ) or when combined in the cluster analysis (see below; Table 2 ). Similarly, in the key phenotype groups of breast cancer proposed by Nielsen and colleagues (30) , the poor prognostic classes of basal and HER-2 were strongly represented in the low histone marks cluster at frequency levels of 75% and 57%, respectively (P < 0.001).
These results may indicate the biological significance of histone modification and the association between low histone marks and poor prognostic classes of breast cancer.
Histone marks and patient outcome. Assessment of the relationship between histone marks and patient outcome showed that, in the whole cohort, low-level detection of histone marks was associated with adverse patient outcome and high detection was significantly associated with a more favorable BCSS (except H4K20me3), longer DFS with high level of H3K18ac, H4R3me2, and H3K9ac ( Supplementary Fig. S4 ), and metastatic-specific survival (except H4K20me3; data not shown). Multivariate Cox regression analysis showed that only the prognostic effect of H3K18ac marks was independent of other key prognostic factors in breast cancer including histologic grade, lymph node stage, and tumor size with respect to BCSS and DFS (Table 3) . We further observed that those patients who did not receive postoperative adjuvant therapy had better BCSS, longer DFS, and metastaticspecific survival when high levels of histone marks, particularly H3K18ac, H3K9ac, and H4K16ac, were present. However, in those patients receiving hormonal therapy, the relationships between histone marks and patient outcome were diminished. Furthermore, none of the histone marks was found to have a statistically significant relationship to the outcome of patients who received chemotherapy.
Clustering of histone marks in breast tumors. To explore the relationships between individual histone marks, unsupervised clustering analysis was done. A total of 408 cases with a complete data set for the seven epigenetic marks were available for clustering analysis using K-means and partitioning around medoids methods. Four of six validity indices indicated that acceptable classification could be obtained, which divided the data set into three groups ( Supplementary Figs. S5 and S6) . From the biplots of the clusters obtained for each method ( Supplementary Figs. S7 and S8) , it can be seen that a good separation among groups was achieved. The final three clusters were derived from the overlap of the two clustering methods used. It was found that 79.4% (324 of 408) of cases was assigned to the classes, whereas the remaining 20.6% were placed into a ''not classified'' group ( Supplementary Fig. S9 ). Box plots of final clustering revealed the characterization of the three classes, where patients with higher H4K16ac H-scores than zero are classified in the hypermodified cluster, whereas those with H3K12ac and H3K4me2 H-scores equal to zero are more likely to be assigned to the hypomodified cluster. However, it was quite clear that, with the exception of H4K16ac, all six other histone modifications differ between the three groups, where hypermodified cluster showed high detection of the six marks, intermediate cluster showed moderate detection, and hypomodified cluster showed low detection of the six marks (Fig. 3A) .
When associations with prognostic factors and clinical outcome were examined, cases in the hypermodified cluster were associated with low histologic grade, favorable NPI score (Supplementary  Table S8 ), and longer BCSS and DFS (Fig. 3B) . Moreover, these histone mark clusters were also associated with BCSS and DFS, which, in multivariate analysis, was shown to be independent of tumor size and lymph node stage (Supplementary Table S9 ). This analysis shows clearly that we have identified three groups of histone modifications that have distinct relationships to known prognostic factors and clinical outcome.
Discussion
Our study has revealed differential levels of bulk histone acetylation and methylation modifications across a large cohort of breast tumors and that the occurrence of certain of these histone marks correlates with tumor morphology and biological subtype. In general, tumors with adverse traditional prognostic or phenotypic characteristics were found to have reduced levels of detectable H3 and H4 acetylation and methylation marks. In contrast, normal breast epithelium or tumors with good prognostic characteristics were generally found to exhibit relatively higher levels of the chromatin modification subset assessed here. It is notable that H4K16ac, which was hypoacetylated in the majority of tumors, remained associated with better prognosis where high levels of acetylation of that mark were present. These observations suggest that global histone modifications play an important role in breast cancer progression and that loss of HK16ac may be an early event in the pathogenesis of invasive breast cancer. Global reduction of histone H4K16ac and H4K20me3 has been reported to be hallmarks of human cancer, and loss of these modifications has been detected in the promoters of tumor suppressor genes (12) . Acetylation of H4K16 is implicated in both transcriptional activation and maintenance of euchromatin and is the only histone modification known to interfere with the formation of repressive heterochromatin and chromatin remodeling (34). H4K16 is acetylated by MYST acetyltransferases such as MOF and deacetylated by the NAD-dependent HDAC SIRT1 (35) . Interestingly, MOF was recently reported to be frequently downregulated in medulloblastomas and breast carcinomas (36) . In addition, a gene designated ''deleted in breast cancer'' (DBC) was 
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Methylation of H4K20 is complex and is catalyzed by several methyltransferases, including PRSET7, PRDM6, and NSD1. H4K20 trimethylation was reported to be reduced in malignant breast cancer cell lines compared with nontumorigenic breast epithelial cells (39) . Loss of H4K20me3 has been observed in animal models of carcinogenesis (40) , including estradiol-induced mammary carcinogenesis in the rat (41) . Thus, our finding that H4K20me3 is detected at low levels in human breast and tumors with adverse prognostic (including higher tumor grade and NPI) and phenotype characteristics shows that this epigenetic alteration appears to relate to or be a sign of biologically more aggressive forms of breast cancer.
Other histone modifications examined in the study are generally believed to be chromatin marks that are associated with gene transcription, which may facilitate the subsequent recruitment of chromatin modification complexes or have structural roles in chromatin remodeling. Although our study has detected differential levels of bulk histone modifications in tumor sections, the effect of this on gene-specific chromatin modifications on a genome-wide basis remains to be determined. However, the identification of hypermodified and hypomodified tumor clusters and their correlation with clinical and biological prognostic factors is of particular interest. The hypermodified cluster (with the exception of H4K16) includes tumors of the luminal phenotype class of breast cancer proposed by Nielsen and colleagues (30) , those of low histologic grade, and those of favorable NPI. In contrast, the hypomodified cluster is associated with the basal and HER-2 phenotypic classes. These findings show a clear relationship between altered levels of modified histones and biological classes of breast cancer. In agreement with this, there is increasing evidence from recent gene profile analysis and protein expression studies in invasive breast cancer that breast cancer includes at least three main ''biological'' subclasses (luminal, HER-2, and basal classes), which can be defined according to their gene or protein expression characteristics (4, 25, 30) . The traditional histologic types of breast cancer are associated with these gene and protein expression patterns. Tubular and lobular invasive cancer types cluster in the high estrogen receptor-expressing, luminal epithelial class of breast cancer. In contrast, medullary or medullary-like breast cancers cluster in the steroid receptor-negative, basal-like class of breast cancer. Our observations in this regard suggest that such histone marks could be of fundamental importance in defining the biological nature as well as clinical behavior in all subclasses of breast cancer.
Of clinical interest, and consistent with the above findings, is the apparent inverse relationship between the histone modification levels (assessed either individually or combinatorially) with patient outcome with respect to BCSS and DFS. The hypomodified and hypermodified clusters were able to predict the hazard of mortality independently of tumor size and lymph node stage in breast cancer (Supplementary Table S9 ). These findings are broadly similar to the recent study on prostate carcinoma (13) and lung cancer (14) . Importantly, hypoacetylation of H3K18ac was found to be an independent prognostic marker, identifying patients with shorter BCSS and DFS when compared with other known prognostic factors. The inverse relation of H3K18ac with tumor grade was confirmed by digital image analysis and Western blots (Supplementary Fig. S2) . Moreover, recent studies have shown that the adenoviral E1A protein, which can induce cell transformation, promotes global hypoacetylation of H3K18, reducing the detected levels of this modification by up to 3-fold probably by redirecting the recruitment of histone acetyltransferases p300/CBP and repressors such as Rb to specific gene promoters/enhancers (42, 43) . The H3K18ac modification was detected only at genes that promote entry into cell cycle and inhibit cell differentiation and antiviral responses. Such studies highlight the importance of undertaking genome-wide studies to explore the epigenetic reprogramming that occurs in breast tumor cells and support the conclusion that global hypoacetylation of H3K18 is indicative of cell transformation and may therefore be an important prognostic indicator in breast cancer.
In conclusion, this study has identified variations in bulk histone modifications in different grades, morphologic types, and phenotype classes of invasive breast tumors. Furthermore, we have identified hypomodified and hypermodified tumor clusters, which correlate with known prognostic factors and clinical outcome. Further studies of histone modification patterns in breast tumors and the enzymes that regulate these processes will lead to a better understanding of epigenetic mechanisms in tumorigenesis and inform possible therapeutic strategies using small-molecule epigenetic modulators.
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